Rho GTPases are believed to make important contributions to the development and progression of human cancer, but direct evidence in the form of somatic mutations analogous to those affecting Ras has been lacking. A recent study in Genes & Development by Xue and colleagues (pp. 1439-1444) now provides in vivo evidence that DLC1, a negative regulator of Rho, is a tumor suppressor gene deleted almost as frequently as p53 in common cancers such as breast, colon, and lung.
Rho GTPases are believed to make important contributions to the development and progression of human cancer, but direct evidence in the form of somatic mutations analogous to those affecting Ras has been lacking. A recent study in Genes & Development by Xue and colleagues (pp. 1439-1444) now provides in vivo evidence that DLC1, a negative regulator of Rho, is a tumor suppressor gene deleted almost as frequently as p53 in common cancers such as breast, colon, and lung.
Cancer is a complex set of diseases arising from combinations of genetic and epigenetic events, including base mutations, chromosomal rearrangements, DNA methylation, and chromatin modification. Genetic changes were first seen cytologically and revealed gross chromosomal abnormalities, such as translocations, deletions, amplifications (of entire chromosomes or parts of chromosomes), and inversions. Subsequently, DNA sequencing of candidate genes and then whole genomes has uncovered large numbers of more subtle genetic alterations. The recent and continuing successes of sequencing and other nonfunctional based genomic approaches have raised new problems in how to determine which changes have significance for tumor development. This is not a trivial problem and will require combinations of cell-based assays, in vivo animal models, and ultimately clinical intervention.
The identification of the Ras oncogene was the first major triumph of the early application of molecular biology to the cancer problem (Malumbres and Barbacid 2003) . Although originally identified as a viral oncogene in a rodent sarcoma-inducing retrovirus, it was the seminal work of the Weinberg and Cooper laboratories in 1981 (Krontiris and Cooper 1981; Shih et al. 1981) , using DNA transfection assays of human tumor DNA into immortalized mouse fibroblasts, that led to the identification of Ras as a true human oncogene. Several groups went on to show that any one of the three Ras genes (HRAS, KRAS, and NRAS) could be converted into a human oncogene by a single base mutation leading to a single amino acid substitution in the encoded Ras protein. Ras mutations are found in ∼30% of most, though not all, cancer types and it remains the most frequently mutated dominant oncogene so far identified (Bos 1989) . We now know much about the consequences of those amino acid substitutions and the cellular and physiological importance of Ras in controlling proliferation and differentiation. Ras is an example of a regulatory GTPase that cycles between active (GTP-bound) and inactive (GDP-bound) conformations to control biochemical pathways and processes. These molecular switches are activated by guanine nucleotide exchange factors (GEFs), which catalyze exchange of GDP for GTP, and are inactivated by GTPase-activating proteins (GAPs), which promote the otherwise slow, intrinsic GTPase activity of the proteins (Fig. 1) . The amino acid substitutions identified in Ras in human cancers are found at codons 12, 61, and to a lesser extent 13, and the common consequence of these changes is to prevent GAP-mediated stimulation of GTP hydrolysis leading to permanent activation of the switch (Trahey and McCormick 1987) . Inspection of Figure 1 suggests possible alternative ways in which this molecular switch could be inappropriately activated. For example, activating mutations in one of the nine RasGEF genes or inactivation of one of the eight RasGAP genes could lead to hyperactivation of the switch. To date, no such mutations have been reported in GEF genes in human cancers, but one of the GAPs, neurofibromin, is encoded by the NF1 tumor suppressor gene. Patients with neurofibromatosis type I inherit only one functional NF1 gene and are then predisposed to cancer through complete loss of NF1. In addition, mutational activation of components of downstream signaling pathways (Fig. 1) could bypass the need for Ras and this is clearly the case with somatic mutations in BRAF (which encodes a Ras effector), found most frequently in malignant melanomas (>50%), but also in thyroid, colorectal, and ovarian cancer (Davies et al. 2002; Wellbrock et al. 2004) .
Interestingly, in addition to the somatic mutations found in Ras pathways in human cancer, heritable germline mutations occur in several developmental disorders, though these rarely lead to cancer (Bentires-Alj et al. 2006) . The disorders share phenotypic features and are referred to as "Neuro-Cardio-Facial-Cutaneous" syn-dromes and include Noonan syndrome, Leopard syndrome, Cardio-facio-cutaneous syndrome (CFC), and Costello syndrome. In addition to Ki-Ras (Noonan and CFC), Ha-Ras (Costello), and B-Raf (CFC) mutations, Sos1 (a Ras GEF) and MEK (downstream from B-Raf in MAP kinase cascade) mutations are found in Noonan and CFC, respectively, but these have not been found in cancer (Rajalingam et al. 2007; Schubbert et al. 2007) .
Following the discovery of Ras, ∼150 Ras-like proteins were identified in mammals, many of which are highly conserved throughout eukaryotes, and these constitute the Ras superfamily of small GTPases (Colicelli 2004) . Members constituting one group within this superfamily are very closely related to Ras itself, but there has been little evidence that genetic or epigenetic changes leading to their disregulated activity have been selected for in human cancers. That is not to say that their activities may not be important-it is likely, for example, that the Ras pathway is important even in cancers that do not harbor mutations in Ras itself. Rho GTPases form a second group within the superfamily and the best studied of these, Rho, Rac, and Cdc42, not only play key roles in cell proliferation, but also other aspects of cell biology relevant to the disease, such as morphogenesis and migration. There has, therefore, been much effort to examine their contribution to human cancer, but until now no clear-cut case has been identified where a genetic alteration has been selected for in a Rho pathway component. However, work that began some 10 years ago culminated in a study published previouslyin Genes & Development that provides convincing evidence that DLC1, a gene encoding a Rho GAP, is a true tumor suppressor that is inactivated in a large number of human cancers (Xue et al. 2008) .
Rho GTPases and tumorigenesis
Rho proteins are, like Ras, controlled by GEFs and GAPs, though an additional class of player, Rho GDI (GDP dissociation inhibitor), is used to regulate nucleotide-dependent membrane association (Sahai and Marshall 2002) . Twenty-two Rho family GTPases have been uncovered in the human genome, though there is much additional complexity to these switches mediated through 82 GEFs, 67 GAPs, and three GDIs. Yet more striking has been the (biochemical) identification of ∼100 putative targets for Rho, Rac, and Cdc42 (Etienne-Manneville and Hall 2002; Jaffe and Hall 2005) . Clearly each Rho family GTPase can be regulated in multiple ways and once activated can potentially engage multiple biochemical pathways. The best understood of these are linked to the assembly and organization of the actin cytoskeleton, but others range from kinases acting on phospholipids to oxidases generating reactive oxygen. How specificity and selectivity are achieved both upstream of and downstream from these switches is not well understood.
Given the large number and functional diversity of target proteins, it is not surprising that Rho family members are capable of influencing numerous aspects of cell biology. These have been reviewed elsewhere, but encompass many that are pertinent to cancer, such as the cell cycle (both G1 progression and mitosis), adhesion (cell-cell and cell-matrix), morphogenesis, polarity, and migration (Etienne-Manneville and Hall 2002; Jaffe and Hall 2005) . Driven by this knowledge, there has been much effort to assess their importance in cancer progression. So far there are no examples of amino acid substitutions in members of the Rho family similar to those found in Ras, but there are many reports of GTPase overexpression in tumors, including the three isoforms of Rho (A, B, C), the three isoforms of Rac (1, 2, 3), RhoG, Rho H, Cdc42, and Rnd3/RhoE (Preudhomme et al. 2000; Pasqualucci et al. 2001; Ellenbroek and Collard 2007) . RhoC has been singled out as playing a significant role in invasion, beginning with a paper showing that overexpression of RhoC induces metastatic activity in nonmetastatic tumor cells, through to a more recent report of microRNA-10b-dependent up-regulation of RhoC specifically in metastatic breast cancer cells (Clark et al. 2000; Ma et al. 2007 ). Why RhoC, and not RhoA, should be specifically linked to metastasis is totally unclear; the two proteins are almost identical in sequence and they interact with the same proteins.
Just like Ras, alternative mechanisms for activating Rho GTPases can be envisaged, such as constitutive activation of a GEF or a deletion of a GAP. Many members of the Rho GEF family have been shown to be capable of acting as oncogenes in experimental assays when rendered constitutively active, often through deletion of N-terminal regulatory sequences. Furthermore, mice lacking Tiam-1 (a Rac GEF) are significantly more resistant to skin cancer induced by chemical carcinogens-a tumor model that involves mutational activation of Ras (Malliri et al. 2002 ). However, with the possible exception of a translocation involving LARG (a Rho GEF) found in acute myeloid leukaemia, genetic activation of a GEF does not appear to occur in human cancer. Some GEFs, such as ␤-PIX and Vav1 are overexpressed in cancer, which might lead to increased activation of Rho GTPases, but these data remain circumstantial (Ahn et al. 2003; Fernandez-Zapico et al. 2005) . However, the best evidence to support a role for Rho pathways in human cancer has come from the analysis of one particular GAP, DLC1.
DLC1-a bona fide tumor suppressor?
The story starts in 1998 when DLC1 (Deleted in Liver Cancer 1) was identified in the Popescu laboratory during a representative difference analysis (RDA) screen, a PCR-based subtractive hybridization technique, using samples taken from a primary hepatocellular carcinoma (HCC) and adjacent noncancerous tissue (Yuan et al. 1998) . It was noted then that the gene is expressed ubiquitously in normal tissue, yet is absent in ∼30% of HCC cell lines. DLC1 is localized at chromosome 8p21.3-22, a region that shows loss of hererozygosity (LOH) or heterozygous deletions in a large number and a wide variety of human cancers, including prostate, colon, breast, ovarian, liver, lung, bladder, and head and neck (Yuan et al. 1998; Arbieva et al. 2000) . Furthermore, chromosome transfer experiments had provided functional evidence for a tumor suppressor gene on the short arm of chromosome 8 (Gustafson et al. 1996; Tanaka et al. 1996) . Studies performed over the last 10 years have yielded persuasive evidence that DLC1 could be that gene. Thus, DLC1 mRNA is down-regulated in many human cancers and this can be accounted for either by DLC1 LOH or, more frequently, by epigenetic silencing of the gene through hypermethylation or possibly histone hypoacetylation, (Durkin et al. 2007) . A recent study by Xue et al. (2008) in a previous issue of Genes & Development describes an extensive representative oligonucleotide microarray analysis (ROMA) showing heterozygous deletion of DLC1 in ∼50% of liver, 50% of breast, 70% of colon, and 50% of lung cancers. Since mutations in the coding sequence of DLC1 appear to be very rare, the suggestion is that the other allele could be silenced epigenetically. This frequency of allele loss is astonishingly high and almost as common as p53 deletions in these cancers.
Direct functional evidence for DLC1 tumor suppressor activity has been more difficult to obtain. Numerous studies involving reintroduction of DLC1 into cancer cell lines that do not express DLC1 protein have been undertaken. Expression of DLC1 in HCC or lung cancer cells, for example, inhibits anchorage-independent growth in soft agar and prevents tumor growth in mouse xenografts (Yuan et al. 2004; Zhou et al. 2004) . While these experiments are consistent with tumor suppressor activity, they do not prove that loss of DLC1 is a causative step in the development of the original tumor. DLC1 expression could simply be inhibiting an essential pathway required for cell proliferation. So far mouse knockouts have not been informative-DLC1-null mice are embryonic lethal, while heterozygotes have no phenotype-and tissue-specific knockouts will be necessary to make progress in this area (Durkin et al. 2005) .
The study by Xue et al. (2008) has now provided direct evidence that DLC1 can act as a tumor suppressor gene in vivo. The authors make use of a novel mouse model of liver cancer that involves the isolation and ex vivo genetic manipulation of mouse embryonic liver progenitor cells, followed by transplantation into the livers of recipient mice (Zender et al. 2006) . This approach allows the use of shRNAs to attenuate protein expression and thereby study the consequences of tumor suppressor gene loss on liver carcinogenesis (Xue et al. 2007 ). The authors had reported previously that overexpression of c-Myc, or oncogenic Ras in liver progenitors obtained from p53-null mice induce tumors when cells are reintroduced into the livers of wild-type mice, though in the case of c-Myc this is a relatively weak effect (Zender et al. 2006 ). To examine DLC1 in this context, p53-deficient liver progenitor cells were cotransduced with two retroviruses, one expressing c-Myc and the other expressing a DLC1-directed shRNA. When these genetically modified liver progenitors were transplanted into the livers of syngeneic recipient mice, DLCl loss was found to cooperate with c-Myc to promote the formation of liver tumors. The effect of DLC1 suppression was not as dramatic as expression of oncogenic Ras, which produced tumors more rapidly and in the absence of c-Myc. It would have been interesting to know whether c-Myc expression is necessary to observe a DLC1 shRNA-induced phenotype, but this was not reported. Nevertheless, the experiment leaves little doubt that DLC1 can act as a tumor suppressor gene and taken together with the genomic analyses, the case becomes very strong that this is a human tumor suppressor that is not only Deleted in Liver Cancer, but also Deleted in Lots of Cancers.
DLC1 is a Rho GAP
When DLC1 cDNA was first isolated, it was clear that the encoded 1091-amino-acid protein harbors a Rho GAP domain (Yuan et al. 1998) . We now know that it, together with its close family relatives DLC2 and DLC3, is part of a family of 67 Rho GAPs encoded in the human genome (Tcherkezian and Lamarche-Vane 2007) . Rho GAPs stimulate the otherwise low intrinsic GTPase activity of Rho family members and thus negatively regulate their activity (Diekmann et al. 1991) . Full-length DLC1 and the isolated GAP domain show strong activity toward the three isoforms of Rho (i.e., RhoA, RhoB, and RhoC), weak activity on Cdc42, and no activity on Rac in in vitro assays (Durkin et al. 2007; Healy et al. 2008) . The structure and mechanism of action of GAP domains are well understood and catalysis is mediated by an "ar-ginine finger" (residue 718 in DLC1) donated by GAP, promoting hydrolysis of the ␥-phosphate of GTP bound to the GTPase (Bos et al. 2007 ). Mutational analysis of DLC1 suggests that GAP activity is required for tumor suppressor activity, though additional regions of DLC1 likely play a role, including a START domain (located at the extreme C terminus of the protein and thought to interact with lipid) and a region located between residues 292-648 (Wong et al. 2005; Liao et al. 2007; Healy et al. 2008) . One study has suggested that DLC1 has residual tumor suppressor activity in the absence of functional GAP activity, though it is hard to know what to make of this observation, since it seems to be at odds with most other studies (Healy et al. 2008) . Overall, these experiments strongly suggest that hyperactivation of Rho is the key feature of DLC1's role as a tumor suppressor. The fact that DLC1 is one of 67 Rho GAPs, many of which can act on Rho and are ubiquitously expressed, suggests that each GAP may make a unique contribution to regulating Rho activity. This could reflect their different spatial locations or, given the large number of potential downstream targets of each GTPase, their recruitment to specific signaling outputs, or both.
Proving that DLC1 tumor suppressor activity is mediated by Rho activation is not as straightforward as it sounds; Rho regulates many basic aspects of cell biology-for example, cytokinesis-and simply eliminating Rho activity would likely render cells inviable (Narumiya and Yasuda 2006). In their recent study published in Genes & Development, Xue et al. (2008) provide several lines of evidence to support the conclusion that Rho activation is key. First, constitutively active Rho (RhoA V14 ) promotes tumor formation with a similar efficiency and pathology to DLC1 shRNA when expressed together with c-Myc in p53 −/− liver progenitor cells. Second, attenuation of RhoA expression (using shRNA) in two independent murine hematomas lacking DLC1 expression, suppresses their in vivo growth. While there are clear caveats to interpreting these experiments (RhoA depletion also had a significant, though admittedly lower, inhibitory effect on murine hepatoma cell lines that express DLC1), the overwhelming evidence points to the activation of Rho as being the key consequence of loss of DLC1's tumor suppressor activity.
Rho GTPases can trigger numerous downstream signaling pathways by interacting with distinct effectorsto date, ∼20 such target proteins have been reported that specifically interact with Rho (Etienne-Manneville and Hall 2002). One of the best-characterized is Rho kinase (ROCK), which regulates myosin II and actin filament contractility, through its ability to phosphorylate and inactivate myosin light chain phosphatase (Fukata et al. 2001) . Rho kinase is involved in many aspects of normal cell biology, such as cell cycle, morphogenesis, and migration, and in addition has been shown to participate in the proliferation, invasion, and metastasis of cancer cells (Etienne-Manneville and Hall 2002; Sahai and Marshall 2002; Narumiya and Yasuda 2006) . In the final part of their study, Xue et al. (2008) show that two small molecule Rho kinase inhibitors, Y-27632 and to a lesser extent Fasudil, inhibit in vitro colony formation of p53 −/− liver progenitor cells expressing c-Myc and DCL1 shRNA. It should be noted, however, that both Y-27632 and Fasudil inhibit PRK/PKN and citron kinase, two other kinases activated by Rho, so the result is not entirely conclusive (Ishizaki et al. 2000) .
DLC1 function
The cumulating data point toward loss of DLC1 causing disregulation of a Rho pathway that can promote some aspect of cancer progression. But what is special about DLC1, and why aren't other Rho GAPs also deleted in cancer? One possibility is that they are, and in fact this has been suggested for DLC2, DLC3, p190RhoGAP, and GRAF (interestingly all GAPs for Rho), although the evidence is still relatively indirect (Borkhardt et al. 2000; Wolf et al. 2003; Durkin et al. 2007) . A more intriguing, though not mutually exclusive, explanation is that DLC1 is associated with a particular Rho pathway and it is the disregulation of that specific pathway that contributes to cancer. Work in S. cerevisiae has provided perhaps the clearest paradigm for this idea, with three GAPs, SAC7, BEM2, and BAG7, differentially regulating at least two different RHO1-regulated biological pathways (Schmidt et al. 2002) . In flies, worms, and mammalian cells, one GAP, MgcRacGAP (a GAP for Rho despite its name), is specifically linked to Rho's role in the assembly of the contractile ring during cytokinesis, while p190-B-RhoGAP regulates a Rho/Rho kinase pathway in mouse mesenchymal progenitor cells that is specifically linked to the inhibition of adipogenesis and the promotion of myogenesis (Sordella et al. 2003; Narumiya and Yasuda 2006) . It is of great interest, therefore, to identify the normal physiological function of DLC1.
Conclusions about function that rely on the reintroduction of DLC1 into cells suffer from the problem that overexpression of any Rho GAP could potentially lead to down-regulation of Rho activity, particularly if the GAP domain alone is introduced (Tcherkezian and LamarcheVane 2007) . Nevertheless, full-length DLC1 has been reported to lead to disassembly of the actin cytoskeleton and integrin adhesions complexes when expressed in NIH 3T3 fibroblasts, as well as in cancer cell lines that lack endogenous DLC1 leading to the suggestion that this GAP is specifically involved in actin cytoskeletal regulation (Yuan et al. 2004; Kim et al. 2007; Guan et al. 2008; Liao and Lo 2008) . The localization of DLC1 varies between cell lines; in some it appears as diffusely cytoplasmic, while in others it has been reported at focal adhesions (Durkin et al. 2007; Liao et al. 2007) . The Nterminal region of DLC1 contains a putative focal adhesion targeting sequence that binds to the SH2 domain of focal adhesion proteins, notably tensin (Durkin et al. 2007) . The significance of this interaction is not clear; however, since a mutant version of DLC1 that no longer binds to tensin is unable to suppress cancer cell proliferation, it is argued that it must be important (Lo 2004; Liao et al. 2007; Qian et al. 2007) .
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Cold Spring Harbor Laboratory Press on August 14, 2017 -Published by genesdev.cshlp.org Downloaded from mice and these display alterations in the organization of actin filaments and focal adhesion (Durkin et al. 2005) . Confusingly, however, these knockout cells have fewer stress fibers and focal adhesions-the opposite of what would have been predicted for the loss of a GAP that regulates Rho. In fact the cytoskeletal and adhesion complex changes seen in DLC −/− fibroblasts appear to be more in keeping with Rac activation. Unfortunately the authors did not examine the levels of either Rho.GTP or Rac.GTP in these cells, which might have provided some insight into this unexpected result. In the absence of tissue-specific mouse knockouts, we must look to work in Drosophila on RhoGAP88C, the fly ortholog of DCL1, to provide some in vivo physiological data. Mutations in RhoGAP88C were first identified as crossveinless-c and result in defects in tissue morphogenesis during development (Denholm et al. 2005) . Closer examination suggests that this GAP regulates tubulogenesis and convergent extension, two processes driven by reorganization of the actin cytoskeleton. An additional and provocative observation to emerge from this study is that RhoGAP88C acts through Rho in some tissues, but it acts through Rac and not Rho in others. The in vitro biochemical activity of this GAP has not been determined and so it is possible that it shows a different specificity from its mammalian counterpart. Otherwise, tissue-specific modification of its catalytic activity would need to be invoked, rendering the in vitro assays essentially useless for predicting specificity. Two subsequent studies have concluded that RhoGAP88C is localized basolaterally in epithelial cells and serves to restrict Rho activity to the apical surface and thereby generate morphogenetic tissue remodeling through polarized activation of myosin II (Brodu and Casanova 2006; Simoes et al. 2006) .
Taken together, a picture emerges of spatially localized DLC1 acting to control Rho activity so as to promote changes in the actin cytoskeleton during cell morphogenesis. The disruption of this pathway might be expected to lead to tissue disorganization during differentiation programs, which could promote inappropriate cell proliferation (Fig. 2) .
Conclusion-DLC1, can we do anything about it?
Directed therapeutic intervention depends on a deep understanding of the relevant signaling pathways through which DLC1 loss is manifest. It is a sobering thought that the signaling pathways downstream from Ras responsible for human cancer are still debated some 25 years after its discovery as a human oncogene and it would be optimistic to believe that identifying Rho pathways will be any easier. Inhibiting the GTPase itself, whether Ras or Rho, is challenging. One of the most promising potential targets for Ras inactivation has been farnesyltransferase (FT), the enzyme required for carboxy-terminal, post-translational modification by a farnesyl lipid (Wright and Philips 2006) . FT inhibitors are currently in clinical trials, though the data reported so far are not encouraging. Inhibiting Rho using a similar strategy seems less attractive, since it uses a geranylgeranyltransferase to add a geranylgeranyl group; a much more widespread modification than farnesyl addition. Two other processing enzymes that act on both Ras and Rho, a carboxyl-protease and an isoprenylcysteine carboxyl methyltransferase, are being considered as Ras targets, but in tissue culture at least these seem not to be essential for Rho function (Michaelson et al. 2005 ). Another possibility that is distinctive to DLC1 might be to attack the epigenetic mechanisms that appear to be commonly used to silence this gene in human cancers. Inhibitors of DNA methyltransferase and histone deacetylase (HDAC) have already been shown to induce the restoration of DLC1 expression in cancer cells, making Zebularine, a new and highly effective DNA demethylating agent, as well as HDAC inhibitors attractive therapeutic approaches (Guan et al. 2006; Neureiter et al. 2007; Seng et al. 2007; Xu et al. 2007 ). Finally, if it turns out that Rho kinase mediates the key signaling pathway downstream from DLC1 loss, then there is already a huge effort underway to develop small molecule inhibitors of this protein. Rho kinase has been implicated in various forms of cardiovascular disease-such as pulmonary hypertension, myocardial hypertrophy, and atherosclerosis-and in fact one compound, Fasudil, is already being used clinically in Japan for cerebral ischemia (Rikitake and Liao 2005; Tawara and Shimokawa 2007) . With over a dozen pharmaceutical companies reportedly working on this problem, and if the work from Xue et al. (2008) implicating Rho kinase downstream from DLC1 turns out to be correct, those companies may end up with a blockbuster!
